INTRODUCTION
============

Parkinson's disease (PD) is closely related to functional anomalies in the corticobasal ganglia loop due to dopamine deficiency ([@R1]--[@R4]). Increase of burst firings in the subthalamic nucleus (STN) of the corticobasal ganglia network is a key electrophysiological feature in patients and animal models of PD ([@R5]--[@R7]). Accordingly, deep brain stimulation (DBS) at the STN has been an effective treatment for PD ([@R8], [@R9]). The causal relation between locomotor symptoms of PD and increased STN burst discharges has been demonstrated recently, as different maneuvers (for example, local applications of T-type Ca^2+^ channel inhibitors or constant negative electric currents) decreasing STN burst discharges would consistently alleviate parkinsonian motor symptoms ([@R10], [@R11]). Moreover, injection of constant currents of opposite polarity (that is, positive currents) into the STN by itself is sufficient to cause parkinsonian locomotor deficits in normal rats without dopaminergic lesions ([@R11]). In addition to motor symptoms, electrophysiological dysfunction of the STN has been correlated with neuropsychiatric changes (for example, cognitive and emotional abnormalities), which could also be ameliorated or aggravated by DBS ([@R12]--[@R15]). These findings support a view that PD is a motor as well as a nonmotor disease with deranged neural rhythms or "brain arrhythmias," which could, therefore, be corrected by physical or chemical maneuvers targeting relevant ion channels (see Discussion for more details) ([@R16]).

The human ether-à-go-go--related gene (hERG; the human homolog of rodent ERG) encodes the rapid delayed rectifier K^+^ channel (*I*~Kr~) that contributes to the repolarization phase in cardiac action potential ([@R17]--[@R19]). Genetically, mutation- or, clinically, drug-induced dysfunction of hERG K^+^ currents could lead to abnormal cardiac repolarization and long QT syndrome, a common cause of cardiac arrhythmias ([@R19]--[@R22]). The ERG K^+^ channel subfamily has unusual gating properties with relatively fast inactivation on top of slow activation and, thus, minimal conductance during the depolarization (plateau) phase of a cardiac action potential. When repolarization begins, the ERG channel rapidly recovers from inactivation yet slowly deactivates, giving rise to large tail currents and thus ensuring rapid and robust repolarization of action potential in cardiomyocytes ([@R19], [@R22], [@R23]).

Thus, studies on the roles of ERG channels in cellular excitability have been mainly focused on cardiomyocytes. However, ERG channels are also widely expressed in the central nervous system, including the STN ([@R19], [@R24], [@R25]). Many central neurons are capable of firing in the burst (oscillatory) mode, which possibly acts as a specific code in neural information flow and contributes to nonutilitarian dynamic stabilization of the circuits ([@R26]--[@R28]). The burst mode comprises apparently self-sustaining repetitive groups of high-frequency spikes, usually on top of a depolarizing plateau. The burst plateau necessitates relatively long-lasting inward cationic currents to sustain and also slowly activating hyperpolarizing currents to be terminated appropriately. The neuron may then be stabilized at the resting phase by the extraordinarily high K^+^ conductances for another appropriate interval, a sequential scenario reminiscent of the case in cardiomyocytes. In this regard, the distinctive large tail current of the ERG K^+^ channel may make it an ideal apparatus for the late hyperpolarizing currents to end a burst and thus determine the length of each burst as well as the timing of subsequent bursts. The increased burst rates as well as prolonged burst plateaus associated with PD ([@R29]--[@R32]) may therefore implicate a critical role for ERG channels. However, the physiological and pathophysiological roles of ERG channels in the brain, and even their impacts on neuronal burst discharges, have remained poorly understood. Although scattered findings of neuronal ERG K^+^ conductances were reported, they were usually characterized in rather arbitrarily defined conditions and thus seem to have inconsistent effects on membrane excitability (see Discussion) ([@R33]--[@R37]). Here, we demonstrate that ERG K^+^ channels play a determinant role in cellular discharge patterns in STN neurons. In addition, antiarrhythmic agents that block ERG channels would effectively reduce STN bursts and thus ameliorate motor deficits in PD rats. Our data provide direct evidence for the pivotal role of ERG K^+^ channels in burst firing and parkinsonian locomotor deficits and may illuminate novel approaches for the pharmacotherapy of PD as well as other brain diseases with deranged neural rhythms.

RESULTS
=======

Characterization of ERG K^+^ currents in subthalamic neurons
------------------------------------------------------------

Immunohistochemical staining studies have shown significant expression of ERG K^+^ channel proteins in the rodent STN ([@R24], [@R25]), but biophysical and functional attributes of ERG K^+^ currents have remained uncharacterized. We demonstrated the existence of ERG K^+^ currents in STN neurons by taking advantage of E-4031 (\[dihydrochlorideN-\[4-\[\[1-\[2-(6-Methyl-2-pyridinyl) ethyl\]-4-piperidinyl\] carbonyl\] phenyl\] methanesulfonamide dihydrochloride) and dofetilide, which are class III antiarrhythmics specifically targeting ERG channels ([@R38], [@R39]). The voltage-dependent E-4031-- and dofetilide-sensitive currents characterized in acutely dissociated STN neurons from juvenile rats closely resemble each other, suggesting a shared target of the two different drugs ([Fig. 1](#F1){ref-type="fig"}, A and B, and refer to fig. S1 for the original currents before subtraction). The drug-inhibited current can be recovered by washing off the drugs (insets of [Fig. 1](#F1){ref-type="fig"}, A and B). The essentially superimposable currents obtained from subtraction of currents recorded in the presence of the drug from the currents before the drug or after washout of the drug for both E-4031 and dofetilide exclude the possibility of major confounding factors such as current rundown. In addition, E-4031-- and dofetilide-sensitive currents display very similar hook tail currents (insets of [Fig. 1](#F1){ref-type="fig"}, A and B), which reflect fast recovery from inactivation relative to deactivation ([@R17], [@R23]). Moreover, the amplitude of the tail current is dependent on the prepulse depolarization voltages and approaches its maximal level when the prepulse voltage is above 0 mV. We then examined whether these subthalamic ERG K^+^ currents have similar biophysical properties to those of the previously reported cases. The *V*~0.5~ (the voltage producing half-maximal activation) and *k* (the slope factor) values of the activation curves are very similar between the E-4031-- and dofetilide-sensitive currents ([Fig. 1](#F1){ref-type="fig"}, C and D) and are consistent with the previously reported values (for example, *V*~0.5~ between −15 and −30 mV and *k* values between 6 and 17 in most cases with different external K^+^ concentrations) characterized from purified ERG clones or other native cells ([@R17], [@R34], [@R40]--[@R46]). In lower external K^+^ concentration (2 to 5.5 mM), most of the reported *V*~0.5~ values are around −30 mV ([@R41]--[@R43], [@R45], [@R47]), which is also consistent with *V*~0.5~ of −27.2 ± 3.6 mV (*n* = 7) with 4 mM external K^+^ in our hand. One of the major functional roles of ERG K^+^ currents in cardiomyocytes is contributed by the large tail currents upon membrane repolarization. E-4031-- and dofetilide-sensitive currents also display similar large "resurgent" inward currents with a slow monoexponential decay upon repolarization ([Fig. 1](#F1){ref-type="fig"}, A, B, E, and F). Because of much faster deinactivation (recovery from inactivation) than deactivation, the tail current decay time constant approximately reflects the deactivation kinetics. The deactivation kinetics is not dependent on the preceding depolarization voltages ([Fig. 1](#F1){ref-type="fig"}, G and H) but is dependent on the repolarizing potentials ([Fig. 1](#F1){ref-type="fig"}, E and F). Again, E-4031-- and dofetilide-sensitive currents show quantitatively similar kinetics and voltage dependence of deactivation, resembling those reported previously for heterologously expressed ERG channels ([@R17], [@R34], [@R40]--[@R44]).

![Characterization of ERG K^+^ currents in acutely dissociated subthalamic neurons.\
(**A** and **B**) Representative ERG K^+^ channel inhibitor E-4031--subtracted (A) and dofetilide-subtracted (B) currents (see original currents in fig. S1). The voltage protocol is shown on (A) (top). The E-4031--subtracted (600 nM) or dofetilide-subtracted (100 nM) K^+^ currents are elicited by 1-s depolarizing pulses to different voltages from a holding potential of −120 mV with 150 mM K^+^ in both extracellular and intracellular solutions. Each depolarizing pulse is immediately followed by a repolarization at −80 mV for 1 s to obtain tail current. Scale bars, 500 pA/200 ms. The bottom-left inset shows the currents after subtraction of the currents in drug from those after washout of the drug. Scale bars, 500 pA/200 ms. The bottom-right inset shows enlarged tail currents evoked at −80 mV after prepulse potentials of 0 to 40 mV. Scale bars, 400 pA/60 ms. The dashed lines indicate the zero-current level. (**C** and **D**) Activation curves of E-4031--sensitive (C) and dofetilide-sensitive (D) currents. Peak tail currents are measured and normalized to the maximal tail current produced with a preceding depolarization at 40 mV. The normalized peak tail currents (*I*/*I*~max~) are then plotted against the voltages (*V*~t~) of the preceding depolarization and fitted with a Boltzmann function *I*/*I*~max~ = 1/(1 + exp(\[*V*~0.5~ − *V*~t~\]/*k*)) with *V*~0.5~ (the voltage producing half-maximal activation) of −32 and −29 mV and *k* (slope factor) of 14 and 15 for E-4031--sensitive (C; *n* = 6) and dofetilide-sensitive (D; *n* = 6) currents, respectively. (**E** and **F**) Repolarization voltage dependence of deactivation for E-4031-- and dofetilide-sensitive K^+^ currents. Tail currents are elicited at different repolarization potentials immediately after a depolarization at 20 mV. The decay of the tail current is fitted with a monoexponential function. The logarithm of the time constants (τ) is then plotted against the repolarization potential and fitted with a linear function *y* = 2.57 + 0.01*x* and *y* = 3.35 + 0.02*x* for E-4031--sensitive (E; *n* = 4) and dofetilide-sensitive (F; *n* = 6) currents, respectively. The insets show representative tail currents upon repolarization. Scale bars, 200 pA/20 ms (E-4031--sensitive currents) and 400 pA/20 ms (dofetilide-sensitive currents). (**G** and **H**) The time constant of the tail current decay at −80 mV is independent of the voltage of the preceding depolarization for E-4031--sensitive (G; *n* = 5) and dofetilide-sensitive (H; *n* = 3) K^+^ currents. Animals used: p9 to p15 rats.](1602272-F1){#F1}

Characterization of subthalamic ERG K^+^ currents with specific channel activators
----------------------------------------------------------------------------------

Consistent with the findings above, PD-118057 (\[2-(4-\[2-(3, 4-dichloro-phenyl)-ethyl\]-phenylamino)-benzoic acid\]), a specific enhancer of ERG channel currents ([@R48], [@R49]), significantly increases voltage-dependent K^+^ currents in STN neurons (fig. S2). PD-118057--sensitive (--enhanced) currents display a characteristic slow activation upon depolarization and a hook tail upon repolarization (fig. S2, A and B). The activation curve for PD-118057--sensitive currents (fig. S2C) is fairly close to that for ERG inhibitor--sensitive currents documented above ([Fig. 1](#F1){ref-type="fig"}, C and D), except for a small shift in *V*~0.5~, which may be ascribable to the gating changes caused by PD-118057 ([@R48]). It has been suggested that PD-118057 binds to the pore helix to attenuate fast (P-type) inactivation ([@R48]). This may explain the less prominent decay of macroscopic PD-118057--sensitive currents upon depolarization (fig. S2B) than that of E-4031-- or dofetilide-sensitive currents ([Fig. 1](#F1){ref-type="fig"}, A and B). The slightly slowed recovery from inactivation by PD-118057 also allows a more reliable measurement of the time to peak of tail current (fig. S2D). The time to peak of the tail current increases with more depolarized prepulse potential, consistent with a voltage-dependent inactivation process that is characteristic of the ERG channel ([@R19]). On the other hand, the decay time constant of the tail current, which approximately reflects the deactivation kinetics, is dependent on repolarization but not the preceding depolarization voltages (fig. S2, E and F). The decay time constant and the voltage dependence in fig. S2F are fairly close to those obtained from ERG inhibitor--sensitive currents ([Fig. 1](#F1){ref-type="fig"}, E and F), consistent with the unaltered ERG deactivation kinetics by PD-118057 reported previously ([@R48], [@R49]).

Characterization of the ERG inhibitor--sensitive K^+^ currents in the presence of ERG activators
------------------------------------------------------------------------------------------------

Several studies have suggested that PD-118057 is a gating modifier ([@R47]--[@R50]), although PD-118057 does not seem to affect most characterized gating kinetics of ERG channels ([@R49]). On the other hand, E-4031 is generally accepted as an open-pore blocker of the ERG channel ([@R39], [@R51]). We characterized E-4031--subtracted currents in the presence of PD-118057 (fig. S3). The E-4031--subtracted currents in the presence of PD-118057 still carry basic characters of ERG K^+^ currents, namely, slow activation and deactivation kinetics and large hook tail current (fig. S3B). It is notable that the time to peak of the tail current is more similar to the case of the E-4031--sensitive currents in the absence of PD-118057 ([Fig. 1A](#F1){ref-type="fig"}) than that of PD-118057--sensitive currents (fig. S2B). The half-maximal activation (*V*~0.5~) of E-4031--sensitive currents in PD-118057 is −29 mV, and the slope factor is 14 (fig. S3C). These values are again closer to those of E-4031--sensitive currents (in the absence of PD-118057; [Fig. 1C](#F1){ref-type="fig"}) than to those of PD-118057--sensitive currents (fig. S2C). These findings are consistent with a view that binding of PD-118057 in the activated channel may preclude E-4031 from binding. Thus, the biophysical properties of E-4031--subtracted currents in the absence and the presence of PD-118057 would be similar. The binding sites for PD-118057 and for methanesulfonanilide compounds such as E-4031 have been suggested to reside in close proximity in the pore helix and the sixth transmembrane segment (S6) ([@R38], [@R48], [@R52]--[@R55]), and there are reports that PD-118057 may interact with L646 and E-4031 with I647 of S6 in hERG channels ([@R48], [@R53]). In this regard, the preclusion may be more efficient when the channel is activated from the closed state and less efficient with the channel conformation producing tail current. Therefore, the E-4031--subtracted currents in the presence of PD-118057 would have a smaller current during depolarization and a larger tail current during repolarization (fig. S3B; compared to the E-4031--subtracted currents in the absence of PD-118057 in [Fig. 1A](#F1){ref-type="fig"}). Again, the deactivation kinetics is dependent on the repolarizing potentials but remains independent of the depolarizing potential for E-4031--sensitive currents in the presence of PD-118057 (fig. S3, D and E). The biophysical parameters concerning deactivation are also quantitatively similar between E-4031--sensitive currents in the presence and absence of PD-118057.

Inhibition of subthalamic burst discharges by ERG channel blockers
------------------------------------------------------------------

Recent studies have demonstrated a causal relation between parkinsonian locomotor symptoms and burst discharges in the STN ([@R10], [@R11]). The ion channels contributing to the burst discharges are not fully characterized, but sizable hyperpolarizing currents responsible for the termination of each burst (plateau) seem to be necessary. Because electrophysiological and pharmacological evidence consistently indicates the existence of ERG K^+^ currents in subthalamic neurons ([Fig. 1](#F1){ref-type="fig"} and figs. S1 to S3), we investigated the possible role of ERG K^+^ currents in the activities of subthalamic neurons and, thus, the locomotor behaviors of animals. Generally, higher concentrations of ERG inhibitors or activators are needed in brain slices or in vivo conditions than for acutely dissociated neurons because of different extents of drug penetration or retention. In addition, accurate and detailed characterization of neuronal discharges would be preferably done in acute brain slices from young adult mice (see Materials and Methods). We have also repeated the key experiments on young adult rat brain slices to check for consistency. Extracellular recording, which keeps the cell membrane and cytosolic factors intact, shows that subthalamic neurons exhibit spontaneous activities of regular tonic (spiking) as well as burst discharges in young adult mouse brain slices ([Fig. 2](#F2){ref-type="fig"}) ([@R10], [@R56]). Both inhibitors of the ERG K^+^ channel, E-4031 and dofetilide, reduce spontaneous burst rates (average burst counts per minute) or even turn burst discharges into tonic spikes \[[Fig. 2](#F2){ref-type="fig"}, A and B; the activity of \~10% neurons can even be silenced by high concentrations of E-4031 and dofetilide, presumably because of depolarization block at the plateau potential (see below and fig. S4A)\]. E-4031 and dofetilide selectively diminish burst discharges but spare spontaneously firings in a regular spiking mode ([Fig. 2](#F2){ref-type="fig"}, C, D, and I to L; see also fig. S5, where distinct effects of the ERG inhibitor on a pair of simultaneously recorded neurons with one firing in the tonic and the other in the burst modes are shown). The "burst inhibition" effects are E-4031 concentration--dependent and reversible ([Fig. 2](#F2){ref-type="fig"}, A and E to H). These results suggest that ERG channels play an important role in the genesis of burst discharges in STN neurons.

![Extracellular recording of spontaneous discharges modulated by ERG inhibitors in acute STN (subthalamic) slices.\
(**A** to **D**) Representative cell-attached recordings show that both E-4031 and dofetilide reversibly reduce burst discharges in a dose-dependent fashion (A and B) but do not affect tonic discharges (C and D) (see also fig. S5). (**E** to **H**) For the burst mode of discharges, burst rates (average burst counts per minute) (E and F), intraburst spike frequency (G), and the number of spikes per burst (H) before, during, and after application of 5 μM (*n* = 6) or 10 μM (*n* = 5) E-4031 are analyzed. \**P* \< 0.05 compared with control, paired two-tailed Student's *t* test. N.A., not applicable (no bursts for analysis in that condition). There is no statistically significant difference between "control" and "washout." \**P* = 0.13, 0.06, and 0.13 for (F), (G), and (H), respectively, in the study of recovery from 5 μM E-4031 treatment; \**P* = 0.11, 0.16, and 0.16 for (F), (G), and (H), respectively, in the study of recovery from 10 μM E-4031 treatment. (**I** to **L**) For the tonic mode of discharges, single-spike frequency and coefficient of variance (CV) of the interspike intervals (ISIs) before, during, and after E-4031 (I and J; *n* = 4 in 5 μM and *n* = 5 in 10 μM) or dofetilide (K and L); *n* = 3 in 5 μM). Scale bars, 2 s. Animals used: p18 to p26 mice.](1602272-F2){#F2}

Impaired repolarization of the burst plateau by ERG channel blockers
--------------------------------------------------------------------

To study how ERG K^+^ currents modulate burst discharges of the STN in more detail, we performed whole-cell current-clamp recordings that directly measure membrane potential in acute young adult mouse STN slices ([Fig. 3](#F3){ref-type="fig"}). Similar findings to those from extracellular recordings were obtained. E-4031 and dofetilide reversibly reduce spontaneous burst, but not tonic, discharges ([Fig. 3](#F3){ref-type="fig"}, A and B). We also tested a less-specific ERG channel inhibitor, astemizole (1-\[(4-fluorophenyl)methyl\]-*N*-\[1-\[2-(4-methoxyphenyl)ethyl\]-4-piperidinyl\]-1*H*-benzimidazol-2-amine) ([@R57]), and found very similar effects ([Fig. 3](#F3){ref-type="fig"}, A and B). Moreover, similar findings with E-4031 are obtained at higher temperatures and in slices from young adult rats (figs. S4A, S6A, and S7). Further quantitative analyses show that E-4031 significantly reduces the burst rate (average burst counts per minute), the intraburst spike frequency, and the spike number per burst ([Fig. 3](#F3){ref-type="fig"}, C to E). In contrast, the frequency of spikes and coefficients of variance of the interspike intervals in neurons that fire in the tonic (spike) mode are not altered by E-4031 or dofetilide ([Fig. 3](#F3){ref-type="fig"}, H to K). In cardiomyocytes, the ERG K^+^ channel chiefly contributes to the large hyperpolarizing force that determines the duration of the plateau phase of an action potential ([@R17], [@R22], [@R23]). Consistently, superposition of the bursts before and after the application of either E-4031 or dofetilide also suggests a marked change in the repolarization phase of the burst plateau by these ERG inhibitors (insets of [Fig. 3A](#F3){ref-type="fig"}). This is as if E-4031 and dofetilide specifically inhibit repolarization of the burst plateau and keep the membrane potential depolarized for a longer period, and thus, the burst mode could no longer sustain (see also figs. S4A and S9A). The baseline membrane potential is slightly (and reversibly) depolarized by all three ERG inhibitors if the cell fires in a burst mode in control ([Fig. 3A](#F3){ref-type="fig"}). Quantitative analyses also show that E-4031 decreases the afterhyperpolarization (AHP, following the end of a burst) as well as the lowest potential ([Fig. 3](#F3){ref-type="fig"}, F and G). These findings suggest that the ERG channel critically contributes to the hyperpolarizing force that timely terminates a burst (and also to the genesis of the next burst by revival of the channels inactivated during the burst) in STN neurons, reminiscent of the action of the channel in cardiomyocytes.

![Whole-cell patch-clamp recording of spontaneous neuronal activity modulated by different ERG inhibitors in acute STN slices.\
(**A**) Top: E-4031 (5 and 10 μM) decreases burst discharges and the intraburst spike frequency and even turns bursts into single spikes in a higher concentration (see also fig. S6A). Inset: Superimposed bursts in the absence (black) and the presence (red) of 5 μM E-4031 demonstrate a decreased AHP in the latter condition (see also fig. S9A). Continuous recording of spontaneous activity in a representative neuron is provided in fig. S8. Bottom: 5 μM dofetilide as well as 10 nM astemizole reduce burst discharges. Inset: Superimposed bursts in the absence (black) and presence (red) of 5 μM dofetilide once again demonstrate a decreased AHP by dofetilide. (**B**) The spontaneous tonic activity is not affected by E-4031, dofetilide, and astemizole. (**C** to **G**) For the burst mode, the effects of E-4031 (5 μM) on the burst rate (C), intraburst spike frequency (D), the number of spikes per burst (E), postburst AHP amplitude (F), and the lowest potential (G) are analyzed (each *n* = 5). (**H** to **K**) The effects of E-4031 (5 μM; H and I) or dofetilide (5 μM; J and K) on single-spike frequency and coefficient of variance of the interspike intervals (*n* = 4 for dofetilide and *n* = 8 for the others). \**P* \< 0.05 compared to control, paired two-tailed Student's *t* test. Scale bars, 20 mV/1 s. Animals used: p18 to p26 mice.](1602272-F3){#F3}

Switch from tonic to burst discharges with a hyperpolarizing force provided by ERG channel activators
-----------------------------------------------------------------------------------------------------

[Figure 3](#F3){ref-type="fig"} shows that the ERG K^+^ channel blockers suppress burst discharges by inhibition of repolarization from the burst plateau in STN neurons. We then explored whether ERG channel activators would have opposite effects on subthalamic discharges. Given that the firing mode of an STN neuron is tightly correlated with the baseline membrane potential ([@R56]), we first studied the STN neurons with a baseline membrane potential of about −60 mV, where the neurons usually maintain spontaneous tonic discharges in the acute young adult mouse brain slices ([Fig. 4](#F4){ref-type="fig"}). Application of the ERG activator PD-118057 readily switches the firing pattern from the tonic to the burst modes ([Fig. 4](#F4){ref-type="fig"}, A and D to F; see also fig. S4B) and thus largely alters the coefficients of variance of the interspike intervals compared to the cases by E-4031 or dofetilide ([Fig. 4J](#F4){ref-type="fig"}). Notably, the switch of discharge modes by PD-118057 is accompanied with membrane hyperpolarization, which is quantitatively well correlated with the tendency of burst and with PD-118057 concentration ([Fig. 4](#F4){ref-type="fig"}, A, C, D, and G to I). Similar findings with PD-118057 are obtained at higher temperatures and in slices from young adult rats ([Fig. 6A](#F6){ref-type="fig"} and figs. S4B and S7). A relatively low concentration (\~0.5 μM) of PD-118057 was used to discern the subtle changes in membrane potential and to prevent excessive hyperpolarization that may consequently cease neuronal discharges. Both firing mode--switching and membrane-hyperpolarizing effects of PD-118057 are readily abolished by the addition of the ERG channel blocker E-4031 ([Fig. 4B](#F4){ref-type="fig"}; see also fig. S4B), strongly supporting that both effects are ascribable to the actions on the ERG channels. We have recorded a E-4031--inhibited current in the presence of PD-118057 (fig. S3). It is characterized by relatively small outward currents upon depolarization and extraordinarily large tails. In this regard, the abolition of the PD-118057 effect by E-4031 in [Fig. 4B](#F4){ref-type="fig"} would strongly implicate that the ERG tail currents may play a major role in the alteration of the discharge pattern. Together, these findings indicate that ERG channel activators appear to provide additional hyperpolarizing currents, which would switch the tonic mode of the STN neuronal discharges into the burst mode.

![The effect of ERG channel activator on tonic discharges of subthalamic neurons.\
(**A** to **C**) Three representative subthalamic neurons that fire in spontaneous tonic activity at a "resting" membrane potential of about −60 mV are shown. The horizontal dashed lines indicate the level of −60 mV. Continuous recording of spontaneous activity in a representative neuron from a rat is provided in fig. S8. (A) PD-118057 (0.5 μM) reversibly hyperpolarizes the membrane (marked by arrows) and turns the tonic spikes into burst discharges (see also [Fig. 6A](#F6){ref-type="fig"} and fig. S4B). (B) The firing mode switching as well as the hyperpolarizing effects of 0.5 μM PD-118057 are abolished by the coapplication of the ERG channel inhibitor E-4031 (5 μM). (C) The tendency toward bursts is correlated with the concentration of PD-118057 as well as its effect on membrane hyperpolarization (marked by arrows). (**D** to **I**) There are prominent effects of PD-118057 (0.5 μM) on the burst rate (D), intraburst spike frequency (E), spikes per burst (F), the lowest membrane potential (G), AHP amplitude (H), and the frequency of hyperpolarizing overshoot (I; the hyperpolarization period more negative than the resting membrane potential) (each *n* = 4). (**J**) The effects of E-4031 \[5 μM; data from [Fig. 3](#F3){ref-type="fig"} (*n* = 8)\], dofetilide \[5 μM; data from [Fig. 3](#F3){ref-type="fig"} (*n* = 4)\], and PD-118057 (0.5 μM; *n* = 4) on the interspike intervals and the coefficient of variance of the interspike intervals are compared. \**P* \< 0.05; \*\**P* \< 0.01 compared to control, paired two-tailed Student's *t* test. N.A., not applicable (no bursts for analysis in that condition). Scale bars, 20 mV/2 s. Animals used: p18 to p26 mice.](1602272-F4){#F4}

![The effect of the ERG activator on burst discharges of subthalamic neurons recorded at a membrane potential of about −65 mV.\
The horizontal dashed lines indicate the level of −65 mV. (**A**) A representative neuron that spontaneously fires in bursts with relatively long plateau is shown. PD-118057 (0.5 μM) evidently hyperpolarizes the burst plateau and also shortens burst duration \[see analyses in (E) to (J), *n* = 4; see also figs. S4B and S6B\]. (**B** to **D**) Three representative neurons that spontaneously fire in relatively short bursts are shown \[*n* = 8, 8, and 4 for (B), (C), and (D), respectively\]. Note that the baseline membrane potential is not markedly altered by PD-118057 (0.5 μM) in any case but is slightly depolarized by E-4031 (5 μM). (B) The burst pattern remains in 0.5 μM PD-118057 but is abolished by the addition of 5 μM E-4031. (C and D) PD-118057 (0.5 μM) hyperpolarizes the plateau and abolishes bursts. (**E** to **J**) In subthalamic neurons having burst duration \>3 s, there are no significant effects of PD-118057 (0.5 μM) on burst rates (E), intraburst spike frequency (F), the lowest potential (I), and AHP amplitude (J). However, PD-118057 significantly shortens the burst duration (G; see also fig. S9B) and decreases the number of spikes per burst (H) (*n* = 4; \**P* \< 0.05; \*\**P* \< 0.01 compared to control, paired two-tailed Student's *t* test). Scale bars, 20 mV/2 s. Animals used: p18 to p26 mice.](1602272-F5){#F5}

Burst discharges shortened or abolished by ERG channel activators
-----------------------------------------------------------------

We next recorded STN neurons at about −65 mV, a more hyperpolarized membrane potential where the neurons tend to fire in spontaneous burst activities in acute young adult mouse brain slices ([Fig. 5](#F5){ref-type="fig"}) ([@R56]). We found that the ERG activator PD-118057 slightly hyperpolarizes the plateau phase in those neurons with a prolonged plateau for each burst ([Fig. 5A](#F5){ref-type="fig"}). As a result, the duration of each burst is shortened (and thus, the spike number per burst is decreased) as if PD-118057 disrupts the plateau by hyperpolarization ([Fig. 5](#F5){ref-type="fig"}, G and H). Similar findings can be obtained in slices from young adult rats (fig. S6B). The shortening of burst or plateau duration is particularly evident in neurons with longer plateau, such as those from parkinsonian rats, or when the spikes superimposed on the plateau are blocked with tetrodotoxin (figs. S4B and S9B). The burst rate, the intraburst spike frequency, the lowest potential, and the amplitude of AHP are not significantly altered ([Fig. 5](#F5){ref-type="fig"}, E, F, I, and J). However, in neurons that fire in short bursts, PD-118057 may either show no significant effect or abolish the bursts by membrane hyperpolarization ([Fig. 5](#F5){ref-type="fig"}, B to D). The preserved burst discharges in the presence of PD-118057 are readily abolished (with a more depolarized baseline membrane potential) by the addition of the ERG channel blocker E-4031 ([Fig. 5B](#F5){ref-type="fig"}), suggesting that the ERG conductance still contributes to these short bursts.

![Remedy of locomotor deficits of parkinsonian rats by ERG channel blockers.\
(**A**) Left: Tyrosine hydroxylase immunohistochemistry shows unilateral dopaminergic deficiency (indicated by arrow heads) in the striatum of parkinsonian (PD) rat coronal brain sections. Middle and right: Whole-cell recording in STN slices from either PD rats \[where subthalamic neurons tend to fire in the burst mode (middle); refer to more cases in fig. S4\] or normal rats \[where subthalamic neurons more frequently fire in the tonic mode (right)\] in the absence and presence of 5 μM E-4031 (*n* = 5; middle) and 0.5 μM PD-118057 (*n* = 7; right), respectively. Scale bars, 20 mV/2 s. \**P* \< 0.05; \*\**P* \< 0.01, paired two-tailed Student's *t* test. Also refer to in vivo electrophysiological data in fig. S11. (**B**) Representative locomotor traces of a PD (left) or a normal (right) rat in an arena with administration of normal saline and 200 μM E-4031 (left) or PD-118057 (right), respectively. (**C** and **D**) Changes in locomotor activities after direct microinjection of E-4031 or PD-118057 into the STN. The changes in the total distance of movement (left), total duration of movement (middle), and total duration of immobilization (right) in normal or parkinsonian (PD) rats with administration of either 200 μM E-4031 (C; *n* = 10 for both normal and PD groups) or 200 μM PD-118057 (D; *n* = 9 for both normal and PD groups) are compared with those injected with normal saline. \**P* \< 0.05, two-way mixed-design analysis of variance (ANOVA). Application of E-4031 markedly improves locomotor activities of PD (but not normal) rats in (C). In contrast, PD-118057 significantly decreases locomotor activities of normal (but not PD) rats in (D). See also fig. S10. Animals used: p37 to p40 rats for brain slice recording; 2- to 3-month-old rats (weighing 260 to 380 g) for other experiments.](1602272-F6){#F6}

Amelioration of parkinsonian locomotor deficits by inhibition of ERG K^+^ channels
----------------------------------------------------------------------------------

Several lines of evidence have demonstrated a causal relation between subthalamic burst discharges and parkinsonian locomotor symptoms ([@R10], [@R11], [@R16], [@R58]). Because ERG channels could profoundly modulate subthalamic bursts, we investigated the effect of ERG channel modulators on locomotor behaviors in adult rats ([Fig. 6](#F6){ref-type="fig"}). We directly applied E-4031 into STN via a chronically implanted cannula and examined the effect on locomotor behaviors of 6-hydroxydopamine (6-OHDA)--lesioned (parkinsonian) rats. With normal saline injection, the locomotor behavior of the parkinsonian (PD) rat group ([Fig. 6](#F6){ref-type="fig"}, B to D) did not significantly differ from that of the same group of rats having microinjection cannula connected but receiving no treatment \[with total movement distance of 517 ± 91 cm, total immobilization duration of 187 ± 32, and total movement duration of 76 ± 13 s; *n* = 8 (data not shown in the figure)\]. In contrast, microinjection of the ERG channel inhibitor E-4031 ([Fig. 6](#F6){ref-type="fig"}, B and C), but not of the ERG channel activator PD-118057 ([Fig. 6](#F6){ref-type="fig"}, B and D), directly into STN markedly improves all locomotor behavior parameters tested (see also fig. S10). E-4031 even recovers the total movement distance as well as the total movement and immobilization duration of PD rats to the level of normal rats ([Fig. 6C](#F6){ref-type="fig"}). Moreover, E-4031 also improves the forelimb use and motor asymmetry of PD rats, as assessed by the cylinder test (fig. S10) ([@R59]--[@R61]). Consistent with the behavioral findings, whole-cell electrophysiological recordings in young adult rat brain slices demonstrate that subthalamic discharges in the PD rats are usually bursts with definite longer plateau and readily switched from the burst to the tonic (single-spike) mode by E-4031 ([Fig. 6A](#F6){ref-type="fig"} and fig. S4A). In vivo extracellular recordings from adult rats also confirm that the increased subthalamic burst rates associated with the 6-OHDA lesion could be readily corrected by E-4031 (fig. S11). On the other hand, PD-118057, but not E-4031, significantly impairs motor function in the normal rat group ([Fig. 6](#F6){ref-type="fig"}, B to D). In addition, whole-cell recordings show that subthalamic discharges in normal rats can be switched from the tonic to the burst mode by PD-118057 ([Fig. 6A](#F6){ref-type="fig"} and fig. S4B). PD-118057 can even convert the locomotor behavior parameters of normal rats to the level of PD rats ([Fig. 6D](#F6){ref-type="fig"}; see also fig. S10, A to D). These findings together demonstrate the crucial modulation of subthalamic activity and, consequently, animal locomotor behavior, by ERG K^+^ channels.

DISCUSSION
==========

ERG K^+^ channels in mammalian central neurons
----------------------------------------------

We have seen that ERG channel inhibitors attenuate burst discharges in the STN and ameliorate locomotor deficits in parkinsonian rats, whereas ERG channel activators tend to promote or maintain burst discharges in the STN and impair motor function in normal rats ([Figs. 2](#F2){ref-type="fig"} to [6](#F6){ref-type="fig"}). This is the first demonstration that ERG channels exist in principal neurons of the STN ([Fig. 1](#F1){ref-type="fig"} and fig. S2) and critically control the neuronal discharge patterns that regulate locomotor behaviors via the corticobasal ganglia network. ERG channels are widely expressed in the mammalian brain, where their functional roles have remained poorly characterized ([@R22], [@R62], [@R63]). ERG channels have been reported to influence excitability of several central neurons in areas other than the cerebrum, including cerebellar Purkinje neurons ([@R37]), developing ventral horn interneurons ([@R33]), basal vomeronasal neurons ([@R34]), medial vestibular nucleus neurons ([@R36]), and midbrain dopamine neurons ([@R35]). The contribution of ERG channels to firing activity, however, seems to be quite variable among these neurons. For instance, the application of ERG channel inhibitors may increase ([@R35]--[@R37]) or decrease ([@R34]) the firing frequency and may promote ([@R34], [@R35]) or reduce ([@R33], [@R36], [@R37], [@R64]) spike frequency adaptation or depolarization block. The variation may be, at least partly, ascribable to different properties of the neurons and especially the characteristic gating features of ERG channels, as well as the experimental elicitation of neuronal activities by injection of an arbitrarily defined amount of current without discretion of the level of depolarization or the pattern/mode of neuronal discharges (see below). Not only the contribution of native ERG conductance to the excitability of brain neurons, but also the functional as well as pathophysiological role of ERG channels in the brain, remain elusive and has been a long-term question for both scientists and clinicians. The first clue may be related to schizophrenia. The expression of a primate-specific isoform of the ERG K^+^ channel was recently found to be associated with schizophrenia ([@R34], [@R65], [@R66]). Earlier works on membrane excitability simulated by injection of rather arbitrarily defined amount of currents or computational modeling have suggested a possible role of the partial block of ERG channels in dopaminergic neurons by antipsychotic drugs, which cause a wide spectrum of cellular effect including increase of firing frequency and bursting activity, promotion of spike frequency adaptation, or even depolarization block \[([@R63], [@R67], [@R68]); see also ([@R35])\]. However, many antipsychotic drugs that induce depolarization block in ventral tegmental area neurons do not have the same effect in substantia nigra pars compacta (SNc) neurons ([@R69]), suggesting that multiple mechanisms should be considered in different dopaminergic neurons. Because the contribution of ERG channels to neuronal activity may be critically dependent on the setting of membrane potential, the firing modes, and the delicate configuration of the discharges in specific neurons, the characterization most favorably should be done in spontaneous or more naturally occurring conditions than in arbitrarily defined ones. The mutually supportive cellular-to-behavioral evidence provided in this study demonstrates, for the first time, the causal relation among changes in ERG conductance, naturally occurring spontaneous neuronal activity patterns of established pathophysiological meanings, and brain function/behavior. It would be desirable to explore the presumably much broader physiological and pathophysiological roles of ERG channels in the brain with similar approaches in the future.

An ideal role of ERG K^+^ channels in the modulation of neuronal burst discharges and relevant membrane potential changes
-------------------------------------------------------------------------------------------------------------------------

ERG K^+^ channels are composed of three isoforms (ERG1 to ERG3) ([@R62], [@R70]) and widely expressed in many cells. Most studies on the physiological functions of ERG channels have been focused on the human homolog of rodent ERG1 (hERG) channels in the heart ([@R21], [@R22]), where the experimental results are much more congruent than in the brain. This difference is probably ascribable to the relatively uniform cellular properties and discharge patterns of the cardiac cells. Suppression of hERG currents results in a prolonged plateau in cardiac action potential and, thus, long-QT syndromes or even lethal cardiac arrhythmia ([@R17], [@R19], [@R20]). On the other hand, gain-of-function mutation in hERG channels or pharmacological activation of the channels leads to shortened cardiac action potential or short-QT syndromes ([@R21], [@R71]). All of these effects are consistent with the characteristics of ERG channel gating, which is unique for the fast inactivation on top of the slow activation, strong voltage dependence of development of as well as recovery from inactivation, and large resurgent tail currents upon membrane repolarization (that is, recovery from inactivation via the open state) ([@R19], [@R23]). That is, ERG channels would tend to be activated with long- and strong-enough depolarization, but allow little current flow because of the rapid transition into the inactivated state. Upon repolarization, rapid recovery of the inactivated channel via the open state gives rise to large slowly decaying resurgent ERG currents, prohibiting premature depolarization of the cell. Therefore, ERG channels could be critical for setting the duration of both the prolonged depolarization (plateau) phase and the following repolarization phase, and thus the timing and frequency of repetitive discharges ([@R17], [@R22], [@R23], [@R64], [@R72]). Many central neurons are capable of firing in repeated bursts or the oscillatory mode. Burst discharges comprise groups of high-frequency spikes most likely superimposed on a prolonged depolarization plateau, which is reminiscent of the plateau of a cardiac action potential. It is thus conceivable that neuronal ERG channels could be activated during burst discharges and then critically regulate the duration and frequency of the bursts (see below).

Fine-tuning of the corticosubcortical reentrant loop function by ERG K^+^ channels
----------------------------------------------------------------------------------

We have seen that the hyperpolarization phase after a burst slows down with a lower dosage of ERG channel inhibitors and that the burst discharges are turned into spikes on top of a more depolarized baseline membrane potential with higher dosage or longer perfusion of the inhibitors ([Fig. 3](#F3){ref-type="fig"}). It seems that the inhibitor decreases the repolarizing force provided by ERG channels at the end of a burst, resulting in a lengthened plateau depolarization reminiscent of the findings in cardiac cells ([@R22]). On the other hand, the ERG channel inhibitors do not affect tonic (spike) discharges ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}), consistent with the idea that the drug effect is evident only when there is significant activation (and inactivation) of ERG channels by long-enough plateau depolarization. The role of ERG channels is also supported by the effect of the ERG channel activator PD-118057, which has been shown to be both anti- and proarrhythmic by shortening cardiac action potentials ([@R49], [@R71]). The effect of PD-118057 is ascribable to slowed inactivation and, thus, more hyperpolarizing K^+^ effluxes in the depolarization phase ([@R48]). Accordingly, PD-118057 causes membrane hyperpolarization and switches tonic to burst discharges in a concentration-dependent manner ([Fig. 4](#F4){ref-type="fig"}), chiefly because more "active" conductances (for example, Na^+^ and T-type Ca^2+^ channels) are made available by hyperpolarization for the next burst generation ([@R10], [@R11], [@R73]). In neurons that fire in spontaneous long bursts, PD-118057--induced hyperpolarization could prematurely end the plateau ([Fig. 5A](#F5){ref-type="fig"} and fig. S4B) ([@R22], [@R49], [@R71]). However, in neurons that fire in relatively short bursts, PD-118057 may increase ERG K^+^ conductance to the extent that abolishes the burst discharges ([Fig. 5](#F5){ref-type="fig"}, C and D). Consistently, we showed that the whole-cell ERG currents are characterized by a large and slowly decaying tail ([Fig. 1](#F1){ref-type="fig"} and fig. S2). The large amplitude of the tail current signals its effectiveness in ending a burst (see also E-4031--inhibited extraordinarily large tail current in the presence of PD-118057 in fig. S3). On the other hand, the slow decay signals a major role in the determination of the depth and length of the interburst interval. In this regard, it is noted that subthalamic adenosine 5′-triphosphate (ATP)--sensitive K^+^ (K-ATP) channels may also be involved in the shaping of burst discharges ([@R74]). K-ATP channel function could be facilitated by glutamatergic transmission \[which, for example, may activate NMDA (*N*-methyl-[d]{.smallcaps}-aspartate) receptor channels to provide the long-lasting depolarizing currents for a burst\] or up-regulated with 6-OHDA lesions ([@R75]--[@R77]). Together, our findings indicate that neuronal ERG channels, with their unique gating behaviors, may assert a powerful yet delicate control in the configuration of burst discharges as well as the interburst intervals. Because the length and frequency of burst discharges, or the relative proportion and timing of burst versus tonic discharges, in the STN are tightly correlated with the function of the corticosubcortical reentrant loops and, consequently, locomotor behaviors ([@R1], [@R4], [@R7]), modulation of ERG channels (and, probably, also other slowly activating K^+^ channels) may be an effective way to change motor activities and other functional presentations relevant to the reentrant loops ([Fig. 6](#F6){ref-type="fig"}).

Physiological and clinical implications
---------------------------------------

Quite a few central neurons are capable of firing in two different modes: the burst (oscillatory) and the tonic (transfer). The tonic mode comprises irregular or semiregular single spikes that are more responsive to synaptic inputs and, consequently, a more faithful transfer of messages in corresponding networks. On the other hand, the burst mode comprises recurrent grouped discharges that are much less responsive to external stimuli but may be autonomously repetitive (self-regenerative) and strong enough to drive the correlative networks into synchronized actions ([@R78]--[@R80]), greatly contributing to nonutilitarian dynamic recruitment and/or stabilization of the circuits ([@R26]--[@R28]). The corticosubcortical reentrant loops involve extended thalamocortical networks that also involve the basal ganglia. Same as in the thalamocortical networks where rhythmic oscillations are assumed to disconnect the external sensory stimuli from cortical processing, the oscillating GPe (external globus pallidus)/STN network may impair information coding by the basal ganglia and thus result in the cardinal symptoms of PD ([@R16], [@R81], [@R82]). That is, when burst discharges become more prevalent because of more hyperpolarized resting membrane potentials ([@R56]), the cortical input may be less faithfully followed by the STN neuronal responses. In addition to motor control, the function of the STN involves emotion, motivation, and cognition ([@R12], [@R13]). In this regard, it is notable that PD is not only a motor disease. Many patients with PD also suffer from nonmotor symptoms ([@R12]--[@R15], [@R83], [@R84]). The anatomical plan of the circuits in the corticosubthalamic pathway allows STN to modulate motor, associative, and limbic information ([@R12], [@R85]--[@R87]). That is, burst discharges in the STN may act as a brake of not only motor but also nonmotor loops, interfering with corticosubthalamic information flow. DBS at the STN may release this brake and result in disinhibition of motor, cognitive, and emotional behaviors ([@R12], [@R13]), and thus lead to an improvement of motor deficits and obsessions/compulsions or acceleration of necessary slow processes for decision-making (a potential cause of impulse control disorders) ([@R8], [@R9], [@R12]--[@R15], [@R84], [@R88]). These attributes are very much analogous to the cases of thalamic relay neurons and the corticothalamic network ([@R81], [@R89]). The initiation of burst discharges in the thalamus relies on the activation of adequate T-type Ca^2+^ channels ([@R73], [@R89]). Consistently, the indispensable role of T channels in the STN burst discharges and, thus, locomotor symptoms in PD have been demonstrated ([@R10], [@R11]). Because ERG channels, in principle, could critically configure both the burst itself and the interburst phase whereas T-type channels would chiefly affect only the genesis of burst discharges, ERG channels may potentially provide more extensive and delicate regulation of STN firing patterns and behavioral consequences. As an important electrophysiological signature for both motor and nonmotor behavioral control, different configurations and frequencies of bursts would implicate different likelihoods of a postsynaptic neuron to follow presynaptic firing patterns and different scales of the oscillating networks. We have noted that ERG activators can be pro-parkinsonian on normal rats, whereas ERG inhibitors can be anti-parkinsonian on the PD rat model ([Fig. 6](#F6){ref-type="fig"}). Moreover, the same concentrations of ERG activators and inhibitors produce very similar changes for similar discharge patterns in normal and PD brain slices. These results suggest that there are significant ERG conductances in both normal and PD animals and that the marked increase of burst discharges with prolonged plateaus in PD animals could facilitate functional activation of ERG channels ("recruit" more ERG conductance). In addition, PD is a disease of dopamine deficiency ([@R90]--[@R94]), which may then set the membrane potential more hyperpolarized and consequently switch the firing mode from tonic spikes to bursts ([@R95]--[@R99]). In PD animals, we have found that local application of ERG channel inhibitors effectively ameliorates locomotor symptoms via modulation of STN bursts. Because ERG channels are also expressed in the other neurons, such as dopaminergic neurons ([@R35], [@R68], [@R69]), and because dopamine may have a wide range of action in neuromodulation as well as motor and behavioral control, it would be desirable to fine-tune the burst mode of discharges in the STN and the other nuclei with different dosages of ERG inhibitors or activators, and monitor the behavioral consequences concomitantly in the future. One may therefore gain more insight into the potential therapeutic effect and possible adverse events of ERG channel modulators in different clinical disorders.

MATERIALS AND METHODS
=====================

Study design
------------

Information about sample sizes, data inclusion/exclusion criteria, replicates, research subjects, experimental design, blinding, and statistics for different experiments were included in the following sections or the figure legends whenever applicable.

Explanation for animals used
----------------------------

We have done electrophysiological characterizations in acutely dissociated neurons, acute brain slices, and anesthetized animals, as well as behavioral studies in free-running animals, all using Wistar rats to obtain mutually supportive data from cellular to behavioral levels. Animals of different ages were used for different experimental configurations because of technical reasons. Accurate and detailed assessment of the biophysical properties of ion channels and membrane potential changes to the level that our study presents needs to be done in acutely dissociated neurons and brain slices from animals of younger ages. In particular, reliable drug-subtracted ERG currents can only be recorded in acutely dissociated neurons from juvenile rats. On the other hand, all in vivo data were done in adult Wistar rats (weighing 260 to 380 g and aged 2 to 3 months). In addition, neuronal discharges were studied in detail in acute brain slices from young adult mice, which have relatively smaller brain size and thus the advantage of easier manipulation and faster/efficient exchange of the drug in the bath reservoir. The consistency among the data from cellular to behavioral levels and from rats to mice, and the consistency among the data using different inhibitors as well as activators in different configurations, would well support the validity of the approach. Other details for the animals used for each experiment are given below. Moreover, the species and ages of the animals are specified in the figure legends.

Brain slice preparation
-----------------------

Parasagittal brain slices (250 to 270 μm thick to facilitate visualization of neurons) that contain the STN were prepared from C57/Bl6 mice of both sexes (aged p18 to p27) or from 6-OHDA--lesioned male Wistar rats (aged p32 to p46). Before preparation of both brain slices and dissociated neurons (see below), there is no experiment or manipulation done on the animals. The whole brain was rapidly removed and placed into ice-cold oxygenated (95% O~2~/5% CO~2~) choline-based solution (87 mM NaCl, 25 mM NaHCO~3~, 37.5 mM choline cloride, 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH~2~PO~4~, 7 mM MgCl~2~, and 0.5 mM CaCl~2~). Brain slices were then cut on a vibratome (Leica VT1200S, Leica) and sequentially recovered at 30°C in the oxygenated choline-based solution for 20 min and then in the oxygenated saline mimicking the physiological extracellular solution (125 mM NaCl, 26 mM NaHCO~3~, 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH~2~PO~4~, 1 mM MgCl~2~, and 2 mM CaCl~2~) before electrophysiological recordings.

Electrophysiological recordings in brain slices
-----------------------------------------------

Before recording, a slice was put on a recording chamber, where stable bath flow of oxygenated (95% O~2~/5% CO~2~) saline (125 mM NaCl, 26 mM NaHCO~3~, 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH~2~PO~4~, 1 mM MgCl~2~, and 2 mM CaCl~2~) in the absence or presence of different pharmacological agents at a constant flow rate of \~5 ml/min was maintained by a peristaltic pump (Gilson Medical Electric). Individual STN neurons were identified by 60× water immersion objective on the upright microscope (BX51WI, Olympus). Extracellular or whole-cell current-clamp recordings from STN neurons were performed at room temperature (\~25°C). Recording electrodes were prepared from thin-walled borosilicate glass capillaries (Harvard Apparatus; 1.65-mm outer diameter, 1.28-mm inner diameter) and pulled by Brown-Flaming micropipette puller (DMZ-Zeitz-Puller). For extracellular recordings, electrodes were filled with 0.9% NaCl and had a resistance of 3 to 4 megohm. Whole-cell recordings used glass pipettes (\~2 megohm) containing the following internal solution: 116 mM KMeSO~4~, 6 mM KCl, 2 mM NaCl, 20 mM Hepes, 0.5 mM EGTA, 4 mM MgATP, 0.3 mM NaGTP, 10 mM NaPO~4~ creatine (pH 7.25 with KOH). Data were acquired by a sampling rate of 20 kHz with an analog/digital interface (Digidata 1440, MDS Analytical Technologies) and filtered at 2 kHz with a MultiClamp 700B amplifier (MDS Analytical Technologies). E-4031 was dissolved in distilled water, and astemizole, PD-118057, and dofetilide were dissolved in dimethyl sulfoxide (DMSO) as stock. All drugs used in this study were purchased from Tocris, stored in −20°C, and diluted 1:1000 into the bath reservoir immediately before application. Bath application of 1:1000 DMSO did not result in an alteration of any responses under investigation. In most cases, the good-quality current-clamp recordings would last for 60 min or longer. For most cells, at least 10 min was needed to achieve a significant washout of effects by ERG channel activators or inhibitors except E-4031. The reversal of the E-4031 effect is even slower, and a significant washout usually takes more than 20 min. The washout effect was assessed when the discharge activity is recovered and stable for at least 3 min after perfusion of saline. Refer to the representative continuous recordings before, during, and after application of drugs in fig. S8.

Electrophysiological recordings in acutely dissociated STN neurons
------------------------------------------------------------------

For the preparation of acutely dissociated STN neurons, 370-μm-thick brain slices containing STN were first obtained from Wistar rats aged p9 to p15 and incubated at 32.5°C in the oxygenated (95% O~2~/5% CO~2~) choline-based solution for 12 min after cutting. The slices were then treated with protease XXIII (1 mg/ml; Sigma) and bovine serum albumin (1 mg/ml) in the oxygenated choline-based solution for 3 and 0.5 min, respectively, and thoroughly washed with the oxygenated choline-based solution at 32.5°C. To avoid air bubbles, we dissolved both protease XXIII and bovine serum albumin immediately before use and temporarily stopped the oxygenation during enzyme and albumin treatments (pH 7.3 to 7.4 throughout the incubation). After treatment, the slices were transferred to a fresh oxygenated choline-based solution in room temperature. Immediately before electrophysiological recording, an STN chunk was removed and triturated into single neurons in the dissociation solution containing 82 mM Na~2~SO~4~, 30 mM K~2~SO~4~, 10 mM Hepes, and 3 mM MgCl~2~ (pH 7.4). The fire-polished borosilicate micropipettes for whole-cell voltage-clamp recording had resistances of \~1 megohm after filling with the intracellular solution \[75 mM KF, 75 mM KCl, 5 mM EGTA, 10 mM Hepes, 0.3 mM GTP (guanosine 5′-triphosphate), 10 mM phosphocreatine, and 4 mM MgATP (at pH 7.25)\]. When a whole-cell configuration was established in Tyrode's solution \[150 mM NaCl, 4 mM KCl, 10 mM Hepes, 2 mM MgCl~2~, and 2 mM CaCl~2~ (at pH 7.4)\], the cell was lifted from the bottom and positioned in front of an array of flow pipes (Microcapillary, Drummond Scientific Company; 1 μl, 64 mm), which emitted a high-potassium external solution \[150 mM KCl, 4 mM NaCl, 10 mM Hepes, 2 mM MgCl~2~, 2 mM CaCl~2~, and 0.0003 mM tetrodotoxin (at pH 7.4)\] in the absence or presence of different pharmacological agents targeting on ERG channels (for example, E-4031, dofetilide, or PD-118057). The external solution was not changed until the currents were stable for at least three sweeps. Currents were recorded at room temperature (\~25°C) with a MultiClamp 700B amplifier, low-pass--filtered at 2 kHz, digitized at 100-μs intervals, and stored using the pCLAMP software via a Digidata 1550 interface (MDS Analytical Technologies). The drug-sensitive currents were obtained by subtracting the currents in the presence of the drug from those in the absence of the drug.

Animal model of parkinsonism
----------------------------

Experiments were performed on adult male Wistar rats weighing 260 to 380 g (for behavioral studies) or aged p37 to p39 (for brain slice recordings). Animals (three rats per cage in the vivarium) were housed at constant temperature and humidity under a 12-hour light/dark cycle with free access to food and water. We performed unilateral 6-OHDA lesion in adult rats to establish rodent parkinsonian model. Rats were anesthetized with zoletil/xylazine \[zoletil (20 to 40 mg/kg) and xylazine (5 to 10 mg/kg)\] (Virbac), mounted in a stereotactic frame (Kopf Instruments), and pretreated with desipramine hydrochloride (25 mg/kg, intraperitoneally) (Sigma) to protect noradrenergic neurons. After a 30-min interval, a hole was drilled above the medial forebrain bundle (MFB) region. A stainless steel cannula was connected by a polyethylene catheter to a Hamilton microsyringe driven by an infusion pump (Harvard Apparatus) and then inserted to the depth indicated in Paxinos and Watson's stereotactic brain atlas (1996): A, −5.0 mm; L, 2.2 mm; and D, 7.5 mm from bregma. 6-OHDA (8 μg; Sigma) was dissolved in 0.01% ascorbic acid (Sigma), diluted with 2 ml of normal saline, and protected from light. Five minutes after insertion of the steel cannula into the accurate stereotaxic target region, 4 μl of 6-OHDA was infused into the MFB target area over a period of 8 min. After the stop of microinjection, the cannula was then left in place for 10 min before being withdrawn slowly. Rats were tested for rotational behavior 7 to 10 days after surgery by subcutaneous injection of apomorphine (0.05 mg/kg, subcutaneously). Only rats that show consistent turning (more than 25 turns in 5 min) toward the side contralateral to 6-OHDA lesion were considered to have a severe-enough SNc lesion (\>90% loss of dopaminergic neurons) and retained for subsequent behavioral studies. The extent of dopaminergic loss in all of these rats was verified by tyrosine hydroxylase immunohistochemistry at the end of the experiments.

Implantation of microinjection cannula for chronic use
------------------------------------------------------

Under anesthesia of zoletil/xylazine \[zoletil (20 to 40 mg/kg) and xylazine (5 to 10 mg/kg)\] (Virbac), the rats were mounted in a stereotactic frame (Kopf Instruments). The skull was exposed after adequate sterilization procedure, and a hole was drilled above the STN coordinates: A, −3.8 mm; L, 2.4 mm; and D, 6.5 mm from bregma. A plastic cylindrical rod holding a stainless steel cannula within (Plastics One) was centered on the hole targeting STN and slowly lowered to the level of the upper part of the STN. The plastic rod was then secured with dental cement, which was attached to three stainless steel screws fixed unto the skull. After the dental cement was solidified and local bleeding was clear, the scalp wound was closed. The motor behavior studies were performed 1 to 2 weeks after the implantation surgery. After the experiments, the location of the implanted cannula tip into the STN was always verified by cresyl violet staining. Data were only collected from the animals with a confirmed location of the cannula.

Animal locomotor behavior study and microinjection of pharmacological agents into STN
-------------------------------------------------------------------------------------

On the scheduled date of locomotor behavior study, rats were transferred to a quiet, sound-attenuated room for motor behavior testing at least 2 hours before the test session started. The experiments were performed at fixed hours of the day (in the afternoon, light cycle). The open-field test arena (45 cm × 45 cm × 40 cm) was made of Plexiglas and equipped with a video recording and a video tracking system (EthoVision 3.0). Immediately before the test session, the animal was first connected to the microinjection system by insertion of an inner injection cannula, which was connected to a microsyringe and a microinjection pump (Harvard Apparatus) with polyethylene tubing. Three minutes after the start of microinjection of pharmacological agents (at an infusion speed of 0.5 μl/min), the animal was placed in the center of the testing arena for the motor behavior test, which would last for 5 min. The total injection volume would thus be 4 μl. The same group of rats was subjected to two 5-min test sessions daily, usually with microinjection of normal saline in the first session and the pharmacological agents under investigation in the second session. The pharmacological agents (E-4031 or PD-118057; [Fig. 6](#F6){ref-type="fig"} and fig. S11) were injected with a concentration of 200 μM (and thus a total injected amount of 0.8 nmol). Because PD-118057 has to be dissolved in DMSO with a solubility limit of 100 mM, 0.2% (1:500) DMSO was used as a vehicle control, which did not result in any significant alteration of behavioral responses under investigation. The results from multiple behavioral tests in the same group of animals remained reasonably constant in the first 10 testing sessions. Four major locomotor behavior parameters \[namely, total movement distance, movement duration, duration of immobilization, and rearing times (rearing score)\] were documented for the evaluation of motor functions \[refer to the study by Tai *et al*. ([@R10])\].

Data analysis
-------------

Electrophysiological data were analyzed with pCLAMP 10 (MDS Analytical Technologies), SigmaPlot 12 (Systat Software Inc.), and Excel 2013 (Microsoft) softwares. For whole-cell patch recording on acutely dissociated neurons, we excluded the data from the analysis if the leak currents at a holding potential of −120 mV were larger than −500 pA or if the drug effect cannot be reversed by washing. For brain slice recording, each analysis was based on the data collected and averaged from a 1-min continuous recording of stable spontaneous activity. We excluded the data from the analysis if the leak currents at a holding potential of −70 mV were larger than −50 pA (in the voltage-clamp mode) or if the action potential overshoot was below 0 mV (in the current-clamp mode). The action-potential spikes were detected by the "Threshold Search" tool of pCLAMP. Burst discharges were first identified visually and defined by the interspike interval algorithm, which delimits the interspike interval to be less than 100 ms in at least three consecutive spikes ([Figs. 2](#F2){ref-type="fig"} to [6](#F6){ref-type="fig"} and fig. S7). Using the pCLAMP software, burst analysis was then performed to obtain the burst rates, intraburst frequency, and burst duration. AHP amplitudes were measured as the difference between the averaged baseline (resting) membrane potential and the peak of the postburst hyperpolarization. The lowest membrane potential as well as the frequency of hyperpolarizing overshoot (the hyperpolarization period more negative than the resting membrane potential) during a 1-min continuous stable recording were also measured.

Statistics
----------

Electrophysiological data were analyzed with the pCLAMP 10 (MDS Analytical Technologies), SigmaPlot 12 (Systat Software Inc.), and Excel 2013 (Microsoft) softwares. In vivo animal behavior numerical data and statistical analysis were managed with Excel software (version 2013, Microsoft), Prism software version 6.0 (GraphPad Software), and Statistical Package for the Social Sciences version 19.0 (IBM). The investigators executing animal behavioral studies were blinded to the drugs used (for example, whether they are inhibitors or activators) during the experiments and when assessing the outcome. All data are presented as means ± SEM. The sample size represents the number of animals (that is, each *n* represents data collected from a different animal). For the comparison between the two groups, either unpaired or paired Student's *t* tests were used, assuming the differences between the two populations of relatively small sample sizes are normally distributed. Similar variance was generally obtained between groups compared. For animal behavioral analyses in [Fig. 6](#F6){ref-type="fig"}, two-way mixed-design ANOVA was used, with application of pharmacological agents and 6-OHDA lesion of rats being the within-subject factor and between-subject factor, respectively. Exact statistical tests used are reported in relevant figure legends. All statistical tests were two-sided. Values of *P* \< 0.05 were accepted as indicating significant differences for all comparisons.
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fig. S1. The original currents of [Fig. 1](#F1){ref-type="fig"}.

fig. S2. Characterization of ERG K^+^ currents by channel activator PD-118057 in acutely dissociated subthalamic neurons following similar experimental protocols and analyses of [Fig. 1](#F1){ref-type="fig"}.

fig. S3. The effect of PD-118057 on E-4031--sensitive currents.

fig. S4. The effect of the ERG inhibitor and activator on spontaneous firing of subthalamic neurons in acute STN slices from parkinsonian rats.

fig. S5. The distinct effects of the ERG inhibitor dofetilide on a pair of simultaneously recorded neurons, with one firing in the spontaneous tonic mode and the other in the burst mode.

fig. S6. The effect of ERG channel inhibitor and activator on burst discharges in rat STN slices.

fig. S7. The effect of ERG channel inhibitor and activator on the spontaneous firing activity of subthalamic neurons at low and high temperatures.

fig. S8. Continuous recording of spontaneous firing activity in acute STN slices before, during, and after application of 5 μM E-4031 (A) or 0.5 μM PD-118057 (B).

fig. S9. The effect of ERG channel inhibitor and activator on the plateau depolarization in the presence of tetrodotoxin.

fig. S10. The effect of ERG channel modulation on rearing scores and the asymmetric limb use.

fig. S11. Inhibition of ERG channels ameliorates abnormal burst discharges in parkinsonian rats.

Methods for figs. S10 (E and F) and S11

References ([@R100], [@R101])

[^1]: These authors contributed equally to this work.
